ABSTRACT
INTRODUCTION
Energy efficiency is a major concern these days. Energy efficiency not only reduces energy consumption, but also affects the crucial value of various products. For example, more efficient motors require smaller energy reservoirs which result in enhanced performance, especially in mobile machines such as cars and robots. Electro-magnetic (EM) motors are arguably the most popular actuators in many machines. Their properties are based on the inductive energy transformation principle, which suits work conditions which need continuous motion regardless of force outputs required. EM motors consume energy depending on the output force regardless of their mechanical work. Hence, in load conditions which require force output without motion, EM motors transmit no energy to the mechanical output, but still consume a significant amount of energy due to the electric resistance. Counter forcing mechanisms, such as masses and cylinders, not only possibly degrade the dynamic property of machines due to their additional masses, compliances and viscosities, but also make increase the size and weight of machines.
In contrast, piezoelectric actuators can produce constant force in static conditions without energy consumption due to their capacitive energy transformation principle. This suggests that piezoelectric actuators are adequate for vertical positioning and forcing applications which have load conditions requiring continuous force without continuous motion. In addition, piezoelectric actuators have high force density compared to permanent magnet motors and high bandwidth sufficient for most machines. However, piezoelectric actuators themselves can only generate displacements less than 0.2% of their length. For this reason, mechatronics researchers have focused on how to amplify the displacement of piezoelectric actuators.
Ultrasonic motors are the most commercially available method of magnification converting oscillatory piezoelectric motion to an axial continuous motion. They can drive at velocities comparable to EM motors. But their energy transformation depends on friction forces, which causes the risk of the output force varying based on the conditions and limits the utilization of the maximum force of piezoelectric actuators. Hydrostatic cylinders driven by piezoelectric pumps can also obtain reliable open-ended stroke actuation generated by a repetitive piezoelectric motion, but the energy transformation from piezoelectric actuator to oil has limited efficiency due to the elasticity and viscosity of oil. These types of magnification methods have potential for a wide range of applications requiring continuous motion, but detract from the force density.
There are several leverage mechanisms which amplify the displacement of piezoelectric actuators geometrically. The simplest of which is a lever mechanism that employs flexures as joints [1] . Another is a cymbal shape mechanism known as "Moony" [2] or "Rhombus" [3, 4] . These also use flexures as joints. The amplification ratio of each of these designs is typically limited to less than a factor of 10, because of the compliance of the mechanisms [5] . For these reason, multistage magnification is applied if higher amplification is required for the mechanisms [6, 7] . A buckling type mechanism was proposed as one kind of the geometric displacement magnification mechanisms which has a remarkably high magnification ratio typically around 50 and reaching up to 200 [8, 9] .
The energy transformation ratios of all of these leverage magnification mechanisms utilizing flexures as joints depend highly on the compliance properties of the whole mechanism, especially of the flexure joints. The buckling type has fewer flexures, so the mechanism has a high potential to realize the high energy transformation ratio and displacement magnification ratio simultaneously. But the practical properties and design methods are not studied in conventional studies.
In addition to this mechanism, we apply shape memory alloy (SMA) as a preloading mechanism [9] . Some types of SMAs are also used as actuators, but we apply a superelastic type of SMA as a static force source. Compressive preloading is a typical method for piezoelectric actuators for achieving tensile actuation from piezoelectric actuators without applying tensile loads to piezoelectric stacks. Appropriate preloading provides the actuator with not only both compressive and tensile actuation but also enhancement of the piezoelectric effect [10, 11] .
Some types of piezo brakes are presented conventionally focusing on the energy efficiency of piezoelectric actuators. Most of them employ some kinds of displacement amplification mechanisms [12, 13, 14] . Targeting EM motors, the hydrostatic amplification [14] can have sufficient properties but is hard to apply because of the need for maintenance. In contrast, the conventional geometric methods [12] don't need maintenance with adequate flexure design, but have limited displacement performance properties which can't substantially compensate for the wear at the brake plates for commercial products. Our buckling type actuator has potential to satisfy the specifications of commercial products due to their potential high energy transfer rate.
We present a practical design method for the buckling type piezoelectric actuator preloaded by SMA in this paper. Additionally, included are experimental results of the actuator designed along the methods shown. We applied the actuator to a brake for a commercial EM motor. Finally, experimental performance characteristics of the piezoelectric brake are shown.
DESIGN CALCULATIONS FOR BUCKLING AMPLIFICATION MECHANISM

Basic property
A conceptual configuration of the buckling type displacement amplification mechanism is shown in Fig. 1 . Assuming ideal solid parts and ideal joints, the amplification ratio ܴ with respected to the joint angle is obtained by Eq. (1) and is shown in Fig. 2 .
where Due to the singularity, infinite amplification occurs at the zero angle/displacement configuration. In the proximity of the singular point, much higher amplification ratios comparing to other one-step leverage mechanism [15] can be obtained by this configuration.
Employing flexures as rotational joints, a low order mechanical model of the mechanism can be described as in Fig.  3 , where each piezoelectric actuator is described as the combined function of a spring, ݇ , and a force source, ‫ܨ‬ , in parallel, compressive compliances of two joints attached on each piezoelectric actuator are assumed as a spring for each, k J , and so are joint the rotational compliances, k θ . The mechanical potential energy equation of this system is, Side block with rotational joint
where
Referring to Fig. 3 , the following geometric relations as functions of ‫ݕ‬ can be obtained.
Regarding Eq. (3), output force can be obtained by differentiation of Eq. (2) to obtain Eq. (4). Each stiffness coefficient is mentioned later. 
Compliance properties
Considering loads taken to the center part described in Fig.  4 , rotational load equilibrium is obtained as Eq. (5).
Round filets are utilized to remove stress concentrations at the ends of the flexure joints. As a result, compliance properties of the pair of filets on each flexure beam for both bending ݇ ఏி and compression/extension ݇ ி are also taken into account along Eq. (6) [16] .
Load conditions also deform each flexure joint. The resulting angular deformation of a single flexure can be described according to Eq. (7).
The tensile/compressive deformation is simply described as Eq. (8).
Additionally, the tensile/compressive compliance of the ground part on which the joints are connected is considered as ݇ . Considering the above compliance properties and their layout, definitions for Eq. (2) and (4) can be updated as Eq. (9) .
Force completeness, the buckling shape of the actuator is first mode. In the case, beam flexures are allow buckling only in their first mode whose conditions are that one end is fixed and another is free. By the end conditions, the maximal axial force exerted on the flexures, ‫ܨ‬ ܲ , must be less than the critical buckling force of the beam flexures, ‫ܨ‬ ‫ܤ‬ , as shown in Eq. (10)
Note that this analysis assume a point sized keystone, and motion constrained in the in the y direction.
Preloading
Because PZT stack layers may delaminate when cycled under tensile loads, PZT stacks should not be placed in tension.
However, compressively preloading the stacks with another material (as shown in Fig. 5 ) allows for the assembled actuator unit to be placed in tension up to the force of the preload without placing the stacks themselves in tension. With the capability of generating tensile force, the output energy per cycle of the actuator is greatly increased. The most significant drawback, however, is the reduction of displacement due to the added stiffness of the preloading material to the coefficient of the piezoelectric actuator in Eq. (9) . Therefore it is desirable to reduce the stiffness of the preloading material while increasing the force.
We use a super-elastic type of SMA, however, the super elasticity is not why SMA is used. It has the property of having a super elastic region of near zero stiffness in the stress-strain relationship, but the phenomenon occurs only in cases of larger strain variation that are typically around 4%. Figure 5 shows an experimental setup of a buckling actuator, in which SMA wires are placed in parallel with each of two piezoelectric stacks. Due to the small strain of the piezoelectric stacks, the super-elastic region of the SMA is not used. As a result, the equivalent stiffness of SMA is almost the same as regions other than the super-elastic region shown in Fig.6 where the solid line curves are roughly equal in modulus. Because of the low operating maximum piezoelectric strain of almost 0.1% of maximum piezoelectric strain, the operating SMA stress amplitude is low, around ±10 MPa. This allows for utilization of the SMA high stress region around 800MPa with about 7% strain of the SMA [17] . In this condition, the modulus/stress ratio becomes 25[Pa/Pa] which is almost ¼ of Beryllium copper, a common flexure material due to this property [18] . This usage of SMA as a simple preloading mechanism as shown in Fig. 5 contributes a negligibly low stiffness, which is less than 2% of a piezoelectric stack, and provides a high preloading force equal to the blocking force of the piezoelectric stack. Furthermore, the slight energy loss due to hysteresis of the SMA is estimated to 6.7 [mJ] basing on the experimental result shown in Fig. 6 , which is significantly less than the gain of the full "push-pull" energy output of the PZT stack of 113.4 [mJ].
FIGURE 5. FABRICATED BUCKLING UNIT APPLYING SMA PRELOADING
Stresses
The maximum stress generated in the joints by the load condition described above is located on the joint surface connection point between the filets and flexure beams. The stresses at these points are described in Eq. (11) .
Eq. (11) shows that the stress depends on both force and displacement of the buckling actuator.
FIGURE 6. EXPERIMENTAL RESULTS OF THE STRESS-STRAIN RELATIONSHIP OF SMA FOR NARROW STRAIN MOTION
Force and stress properties Using Eq. (3), (8) and (9), the force-displacement relationship and the stress-displacement relationship of the flexure buckling actuator is described as Fig. 7 . Figure 7 shows only positive region for y. The force in the negative y region is symmetric with respect to the origin. If the bending load generates a tensile stress on a surface in the positive y region, then it works as compressive stress in the negative y regions. The compressive/tensile load works similarly in both positive and negative regions of y. As a result, the stress on a surface which is the tensile by the bending load in positive y region, has the symmetric property around the y=0 axis of the stress which is compressive in bending in the positive y region. Shape optimization Important properties of displacement amplification mechanism include maximum force, maximum displacement, and energy efficiency. The main design restriction of the mechanism is to ensure the flexures do not fail from fatigue, and to a lesser extent, do not plastically yield in the short term. The amplification ratio, which is described by the ratio between input and output displacement in the case of a linear transformation, is highly affected by the geometry of the mechanism, mainly the length of the solid body, L. This is similar to the strong dependence on arm length in lever based mechanisms. Additionally, for a given length, L, the flexure properties affect the output properties including the energy transfer efficiency, R E , which is defined by Eq. (12) . Greater R E yields higher output force for the same maximum displacement.
In Eq. (12), ‫ܧ‬ is the maximum output energy from the piezoelectric stack with the ideally preloaded mechanism which is the integral over both the push and pull actuation. ‫ܧ‬ ௨௧ is the maximum output energy from the buckling actuator which is the integral over both the push and pull actuation from the maximum actuation of the piezoelectric stack. Figures 8 and 9 show both ܴ ா and the maximum stress amplitude of the flexures with respect to both length and thickness of the flexure beams. The calculation parameter values are shown in Tab. 2. The maximum stress amplitude is calculated for the case of a single directional actuation of the buckling actuator. Due to complexity of Eq. (4) with respect to y, it is impractical to maximize ܴ ா analytically. For this reason, we obtain the thickness and the length of the beam flexures, which maximize ܴ ா considering the allowable stress amplitude, by referring the analytical results presented in Fig.  9 . Figures 10 and 11 show the force-displacement relationship obtained by both prototype experiments and calculations. During experimental evaluation, the keystone was constrained to move in one dimension, without which an unconstrained keystone may rotate. In these calculations, the blocking force of the piezoelectric stack with SMA preloading is assumed to be the same as the specification of the piezoelectric stack alone. This is because preloading has the potential to enhance the piezoelectric property in such a preload range. Without this assumption, the displacement measured experimentally becomes nearly 2.5% larger than the calculation result. With this assumption, the results of both experiments and calculations fit each other well.
12N of hysteresis arises in both experimental results, which is estimated to be caused by the yield deformation of flexures, not by hysteresis of the piezoelectric stacks because same phenomenon happens if aluminum bars are used instead of the piezoelectric stacks. The flexures are made by 440C stainless steel but are not annealed properly, which varies the yield strength to less than 600MPa. Due to the hysteresis, it is hard to find a position where the buckling actuators become flat. Hence, the original positions in the figures are placed in one of stable positions with applying maximum voltage to piezoelectric stacks in Fig. 10 .
PIEZOELECTRIC BRAKE
Implementation design of a piezoelectric brake actuator
Using the buckling actuators shown above, we designed a brake actuator to be attached to a commercial EM motor. The outline of the structure is shown as Fig. 12 and the implementation design is shown in Fig. 13 . Many brakes for commercial EM motors are usually required to have "Normally ON" function, which means that brakes must hold the rotor of the motor without a power supply. To obtain enough force for the function, coil springs are added in parallel with the buckling actuators. The center parts of buckling actuators can easily rotate without any linear guide around the perpendicular axis to both y and z, which severely impair the output force. Three buckling actuators arranged as in Fig. 13 can restrict the rotation of each other by their high rotational stiffness around each z axis. They also bear the brake torque which is much smaller force along z axis than the piezoelectric force.
The flexures are designed to maximize the brake stroke which means the displacement range where the holding force, including the additional springs, is greater than a design specification. Figure 14 shows an experimental brake property, which is brake torque against brake gap. Brake plates have potential to wear when slip happens between them. For this reason, actuators for commercial brakes are required to generate holding force in specific ranges. The brake used in the experiment requires 0.3mm as the range in addition to an initial gap whose purpose is to keep brake plates separated from each other. Considering the gap margin, the experimental results show the buckling actuators can apply 2.5Nm of braking torque. Figure 15 shows the experimental result of energy consumption. Piezoelectric stacks have a capacitive property in the electric domain and an elastic property in mechanical domain which also performs as capacitive energy storage. To output mechanical energy as an actuator, energy must be stored in both electric and mechanical capacitance. For this basic property of piezoelectric actuators, buckling actuators only consume the energy lost in piezoelectric stacks as hysteresis loss as shown as light blue line in Fig. 15 . The result shows the energy consumption in all piezoelectric stacks used in the brake actuator for 20 on-off cycle operations over 100sec. The dark red line shows the energy input to the piezoelectric stacks which shows 21.3mJ is required for 20 operations. On the other hand, the energy loss in the piezoelectric stacks becomes only 4.7mJ for 20 operations, which can be recovered by applying a charge recycling circuit such, as in [19] . Comparing to the original EM actuator for the brake which requires 19W to release the brake and 950J for half-rate operation, it is assured that the buckling actuator requires much less energy.
Brake properties
Energy consumption
FIGURE 14. BRAKE PROPERTY OF PIEZOELECTRIC BRAKE FIGURE 15. ENERGY CONSUMPTION OF PIEZOELECTRIC BRAKE
CONCLUSION
An analytic method for designing buckling actuators using flexure joints is presented. The method is evaluated by FEA and the result shows less than 13% error in force and displacement. Prototype experimental result also fit well with the design calculation. A preloading mechanism employing SMA is applied and performs as an almost zero stiffness load which provides the same force as the blocking force of the piezoelectric stack. The integrated experimental apparatus performs the complete push-pull feature while thoroughly utilizing of the potential of piezoelectric actuators.
The buckling actuators are applied as a brake for a commercial motor, and deliver holding force which generates more than 2.5Nm of brake torque in the range of the gap Sprin between brake plates from 0.2mm to 0.5mm. The energy consumed for the brake operation is significantly lower than the EM motor originally used for the brake.
These results show the remarkable properties of the piezoelectric driven buckling actuator and assist in broadening the range of applications of motors driven by them.
